We present a measurement of the top-quark mass using the full data set of Tevatron √ s = 1.96 TeV proton-antiproton collisions recorded by the CDF II detector, corresponding to an integrated luminosity of 8.7 fb −1 . The analysis uses events with one semileptonic t ort decay, but without detection of the electron or muon. We select events with significant missing transverse energy and multiple jets. We veto events containing identified electrons or muons. We obtain distributions of the top-quark masses and the invariant mass of the two jets from W -boson decays from data and compare these to templates derived from signal and background samples to extract the top-quark mass and the energy scale of the calorimeter jets with in situ calibration. A likelihood fit of the templates from signal and background events to the data yields the top-quark mass, Mtop = 173.93 ± 1.64 (stat) ± 0.87 (syst) GeV/c 2 . This result is the most precise measurement to date of the mass of the top quark in this event topology. Top quarks at the Tevatron are predominatly produced in tt pairs. Assuming unitarity of the three-generation quark-mixing matrix [3] , the top quark decays almost exclusively into a W -boson and a b-quark. The case where one W decays leptonically into a charged lepton (e, µ, τ ) and its neutrino and the other W decays hadronically into a pair of jets (tt → lνbbqq) defines the lepton+jets decay mode. In the standard selection of lepton+jets events [4, 5] , we require a well-reconstructed electron or muon with multiple jets and large missing transverse energy ( E T ) [6] . The first requirement excludes events with a hadronically decaying τ lepton and events with an electron or muon that fails the identification requirements or falls outside the limited detector coverage. In this paper, we focus on events from the lepton+jets decay in which no muon or electron are reconstructed. The signal acceptance in this channel is comparable with the standard lepton+jets channel, and the dominant QCD multijet background is manageable with a multivariate technique [7, 8] . This work is an update of a previous 4 measurement that used a subset of the present data and determined M top = 172.3±2.6 GeV/c 2 [8] . In the present measurement, we not only use a larger sample but also increase the signal acceptance with changes in the eventselection criteria and improve the sensitivity with a new event-reconstruction method. These changes produce an improvement of about 18% in statistical precision over the improvement expected from increasing the sample size alone. We use the full data set of pp collisions collected by the CDF II detector at the Fermilab Tevatron, corresponding to an integrated luminosity of 8.7 fb −1 .
We present a measurement of the top-quark mass using the full data set of Tevatron √ s = 1.96 TeV proton-antiproton collisions recorded by the CDF II detector, corresponding to an integrated luminosity of 8.7 fb −1 . The analysis uses events with one semileptonic t ort decay, but without detection of the electron or muon. We select events with significant missing transverse energy and multiple jets. We veto events containing identified electrons or muons. We obtain distributions of the top-quark masses and the invariant mass of the two jets from W -boson decays from data and compare these to templates derived from signal and background samples to extract the top-quark mass and the energy scale of the calorimeter jets with in situ calibration. A likelihood fit of the templates from signal and background events to the data yields the top-quark mass, Mtop = 173.93 ± 1.64 (stat) ± 0.87 (syst) GeV/c 2 . This result is the most precise measurement to date of the mass of the top quark in this event topology. The top quark (t) is the heaviest known elementary particle. Its mass is approximately 40 times larger than the mass of its isospin partner, the bottom quark (b). The top-quark mass (M top ) is a fundamental parameter of the standard model (SM), and is tightly related to the W -boson mass and Higgs-boson mass via electroweak radiative corrections [1] . Prior to the recent observation of the Higgs boson and a direct measurement of its mass [2] , precision measurements of M top and W -boson mass provided the only available information on the SM Higgs boson.
Top quarks at the Tevatron are predominatly produced in tt pairs. Assuming unitarity of the three-generation quark-mixing matrix [3] , the top quark decays almost exclusively into a W -boson and a b-quark. The case where one W decays leptonically into a charged lepton (e, µ, τ ) and its neutrino and the other W decays hadronically into a pair of jets (tt → lνbbqq) defines the lepton+jets decay mode. In the standard selection of lepton+jets events [4, 5] , we require a well-reconstructed electron or muon with multiple jets and large missing transverse energy ( E T ) [6] . The first requirement excludes events with a hadronically decaying τ lepton and events with an electron or muon that fails the identification requirements or falls outside the limited detector coverage. In this paper, we focus on events from the lepton+jets decay in which no muon or electron are reconstructed. The signal acceptance in this channel is comparable with the standard lepton+jets channel, and the dominant QCD multijet background is manageable with a multivariate technique [7, 8] . This work is an update of a previous measurement that used a subset of the present data and determined M top = 172.3±2.6 GeV/c 2 [8] . In the present measurement, we not only use a larger sample but also increase the signal acceptance with changes in the eventselection criteria and improve the sensitivity with a new event-reconstruction method. These changes produce an improvement of about 18% in statistical precision over the improvement expected from increasing the sample size alone. We use the full data set of pp collisions collected by the CDF II detector at the Fermilab Tevatron, corresponding to an integrated luminosity of 8.7 fb −1 .
The CDF II detector [9] is a general-purpose azimuthally and forward-backward symmetric detector surrounding the colliding beams of the Tevatron pp collider. A charged-particle tracking system, consisting of an inner silicon microstrip detector and an outer drift chamber, immersed in a 1.4 T magnetic field, provides accurate vertex and momentum reconstruction. Electromagnetic and hadronic calorimeters surround the tracking system and measure particle energies. Drift chambers and scintillators, located outside the calorimeters, detect muon candidates.
The data used in this measurement are collected with a purely calorimetric online selection (trigger). Calorimeter energy deposits are clustered into jets using a cone algorithm with an opening angle of ∆R ≡ ∆η 2 + ∆φ 2 = 0.4 [10] . Events are triggered by selecting those containing at least four clusters with E T > 15 GeV and a scalar sum of the E T of all the clusters greater than 175 GeV.
After the online selection, event observables of physical interest are computed. Jets are reconstructed with the jetclu [11] algorithm using a cone radius of ∆R = 0.4. Jet energies are corrected [12] for nonuniformities of the calorimeter response parametrized as a function of η, energy contributed by multiple pp interactions in the event, and calorimeter nonlinearity. We identify jets originating from the decay of a b-quark using the secvtx algorithm [13] . We require at least one jet to be identified as b-quark (b-tagging). In order to improve the analysis' sensitivity, we group the candidate events into two samples, one with exclusively single-b-tagged events (1-tag), and the other with events containing two or more b-tagged jets (2-tag). Events are required to have four, five, or six jets with transverse energy E T > 15 GeV and |η| < 2.0. To maintain the event sample independent from those used in other CDF top-quark mass measurements [14] [15] [16] [17] , we require events to have no identified electrons or muons with p T > 20 GeV/c and |η| < 1.1. In order to reject multijet backgrounds from QCD processes, we require the events to have E T significance ( E T sig ≡ E T / jets E T ) to be greater than 3 GeV 1/2 , where the sum in the denominator runs over all identified jets in an event. The remaining events have appreciable background from QCD processes due to mismeasurement of jet energies. Because these events sometimes have misalignment between E T and p T , the missing transverse-momentum of the event computed us- ing charged tracks [18] , we require ∆φ( E T , p T ), the azimuthal angle between E T and p T , to be less than 2.0. Background events with b-tags arise from QCD multijet events and from electroweak production of W -bosons associated with jets. We estimate the background rate using a data-driven method [8] . This method uses events with exactly three jets, which have negligible (<0.1%) tt component, and employs a per-jet parametrization of the b-tagging probability. Due to the presence of tt events in event samples with higher jet multiplicity, we extrapolate the b-tagging probability of the three-jet event sample to higher jet multiplicity event samples after iteratively removing the tt content from the samples [8] . We estimate the background for the 1-tag and 2-tag samples separately. A b-tagging correction factor [19] is applied to account for the dominance of production in pairs for heavy-flavor jets. In order to improve the signal-tobackground ratio in this analysis, an artificial neural network is trained to identify the kinematic and topological characteristics of SM tt events using input variables proposed in Refs. [7, 19] . Compared with our previous work [8] , we add new input variables, ∆φ( E T , p T ), p T , and a series of two jets (2j) and three jets (3j) invariantmasses, M , where superscripts min and max represent the minimum mass and the maximum mass, respectively, among all the possible combinations of 2j or 3j. We apply the neural network to all events meeting the above selection criteria. We then define the signal region by requiring a neural network output greater than 0.9 for 1-tag events and 0.8 for 2-tag events, respectively, choosen in order to reject approximately 95% of background and preserve approximately 80% of signal. With this procedure we obtain the estimated numbers of background events in the signal region shown in Table I . We also show the expected number of tt signal events, assuming a tt production cross-section of 7.45 pb at M top = 172.5 GeV/c 2 [20] , together with the number of observed events in the data. Signal events are further separated by the number of jets for reasons explained later.
To distingush between different values of M top , we compare the reconstructed top-quark mass distribution from our data to a series of tt signal samples generated by pythia [21] with 76 different M top values ranging from 150 GeV/c 2 to 240 GeV/c 2 . Because the jet energy scale (JES) is one of the dominant systematic uncertainties in the M top measurement, we generate a set of samples with JES variations. Data jets in the analysis are corrected by a factor of 1+∆ JES to account for the scale error in the calorimeter. In the simulation, the value of ∆ JES are varied from −3.0σ c to +3.0σ c , where σ c is the CDF JES fractional uncertainty [12] .
We also reconstruct the hadronically decaying W -boson mass. With the constraint of the well-known W -boson mass, this variable can be used to determine the JES calibration in situ which reduces the dominant uncertainty from the JES. The second step is a likelihood fit of the three variables using simulated signal and background distributions to obtain the measured top-quark mass (M meas t ). Calibration factors relating this likelihood fit result to M top are obtained. In this process, a three-dimensional kernel density estimation [22, 24] is applied to obtain probability density functions (p.d.f.s) of the signals and background. Finally, we perform the same likelihood fit to the data and apply the calibration factors to obtain M top .
Events used in this measurement have two missing particles, a neutrino and a charged lepton, which are assumed to have two decay products of a W -boson. For the M top measurement, the reconstruction of W -decay particles is not necessary, so these events can be considered as having one missing particle, a W -boson that decays leptonically. We then reconstruct events with a number of constraints that are larger than the number of unknown quantities. We assume that all selected events are lepton+jets tt events with a missing particle, the Wboson. Measured four-vectors of jets are corrected for known effects and appropriate resolutions are assigned. The unclustered transverse energy ( U T ) [22] is estimated as a sum of all transverse energy in the calorimeters that is not associated with one of the selected four jets. The longitudinal momentum of the leptonically-decaying Wboson is a free parameter which is effectively determined by the constraints from the known mass of the W -boson and the assumption that M t = Mt, where M t and Mt are the mass of the top quark and anti-top quark, respectively. To estimate the reconstructed top-quark mass, m reco t , we define a kinematic χ 2 function,
where the value of the free parameter m reco t is determined as the reconstructed top-quark mass value corresponding to the minimum χ 2 . In Eq. (1), we constrain the four selected jets p T to their measured values and uncertainties (σ i ). We also constrain the x and y components of U T in the second term which is related to the transverse momentum of the missing W -boson. The third term constrains the dijet mass of the two jets assigned as W -decay products to the known W -mass within the W -boson decay-width. The fourth term constrains the invariant mass of the missing particle (M missing ) to the W -boson mass. The fifth term constrains the invariant mass of the missing particle and the b-quark (that is regarded as coming from the daughters of the same top-quark decay) to be consistent with the hadronically-decaying top-quark mass within the top-quark decay-width of 1.5 GeV/c 2 . The last term imposes the same constraint on the invariant mass of the two jets regarded as W -boson decay products and the b-quark that is assigned as coming from the same top-quark decay.
The event reconstruction described above, using the leading (highest-p T ) four jets, does not consider the contribution of hadronically-decaying τ leptons. However because the τ lepton can be misidentified as a jet, we also consider five leading jets and assign one of the jets as the misidentified τ lepton. We perform the χ 2 fit in Eq. (1) for each possible jet-to-parton assignment. Assuming that the leading five jets in any event come from the four final quarks and one hadronically-decaying τ lepton, there are 24 and 6 possible assignments of jets to quarks or τ -lepton for 1-tag and 2-tag, respectively. In the case of four-jet events, we assume that the four jets come from the four quarks. This makes 6 and 2 possible combinations in 1-tag and 2-tag, respectively. The χ 2 minimization is performed for each jet-to-quark or jet-to-τ assignment, and the first variable m reco t is taken from the assignment that yields the lowest χ 2 . Due to the differing number of assignments between events with four jets and those with five or six, the resolution of m reco t is different. We therefore separate the candidate events accordingly.
In order to extract more statistical information from each event, we add a second variable, m reco(2) t , the reconstructed top-quark mass that corresponds to the secondlowest χ 2 [15] in the jet-to-quark and jet-to-τ combinatorics. Studies based on MC samples show that m reco t and m reco(2) t have better sensitivity to the input top-quark masses of the samples than the two estimators used in a previous analysis [8] .
The third variable, m jj , defined as the invariant mass of the two jets from the hadronically-decaying W -boson, serves as an in situ constraint on the JES through the likelihood fit. We calculate m jj from the two non-btagged jets. If more than two non b-tagged jets are present, we use the closest value to the world average W -boson mass, 80.40 GeV/c 2 [25] , from all possible combinations.
By [26] . Then, we fit the signal and background p.d.f.s to the unbinned distributions observed in the data. Separate likelihoods are built for the four subsamples, and the overall likelihood is obtained by multiplying them together. References [22, 27] provide detailed information about this technique.
The mass fitting procedure is tested with pseudoexperiments for a set of MC-simulated tt samples with 14 different M top values ranging from 159 GeV/c 2 to 185 GeV/c 2 . For each pseudoexperiment, we draw the number of background events from a Poisson distribution with a mean equal to the estimated total number of background events in the sample, and the number of signal events from a Poisson distribution with a mean equal to the expected number of signal events normalized to a tt production cross-section of 7.45 pb. The mean value of the distributions of the mass residual (the deviation from the input top-quark mass) for simulated experiments is corrected to be zero, and the correction from linear regression analysis is M is the raw value from the likelihood fit and M corr t is the corrected value of the measurement. The width of the pull is consistent with unity after the correction. We also test the mass fit results using different values of ∆ JES between −1.0σ c and +1.0σ c with three different M top points, 168, 173, and 178 GeV/c 2 . With the correction discussed above, the residuals of M top from different ∆ JES values are consistent with zero in case of M top =168 GeV/c 2 and 173 GeV/c 2 . However, the pseudoexperiments corresponding to a topquark mass of 178 GeV/c 2 show a 0.42 GeV/c 2 difference between −1.0σ c and +1.0σ c . We take the half difference (0.21 GeV/c 2 ) as the systematic uncertainty on the calibration.
We examine the effect of various sources of systematic uncertainties by comparing the results of pseudoexperiments in which we vary relevant parameters within their uncertainties. One of the leading sources of systematic uncertainty is the residual JES [12, 22] . We vary the JES components within their uncertainties in the MCsimulated signal events and interpret the shifts in the returned top-quark mass as uncertainties. The b-jet energy scale systematic uncertainty that arises from the modeling of b fragmentation, b-hadron branching fractions, and calorimeter response captures the additional uncertainties not included in the light-quark-jet energy scale [22] . The uncertainty arising from the choice of MC generator is estimated by comparing results from MC samples generated with pythia and herwig [28] . We estimate the systematic uncertainty due to imperfect modeling of initial-state gluon radiation and finalstate gluon radiation by varying the amounts of initialand final-state radiations in simulated events [23] . We estimate the systematic uncertainty due to parton distribution functions (PDF's) of the proton by varying the independent eigenvectors of the CTEQ6M [29] PDF's, varying the QCD scale Λ QCD (228 MeV vs. 300 MeV), and comparing CTEQ5M [30] with MRST72 [31] PDF's. To estimate the systematic uncertainty associated with uncertainties in the top-quark production mechanism, we vary the fraction of the top quarks produced by gluongluon annihilation from the default 6% to 20%, corresponding to a one-standard-deviation upper bound on the gluon fusion fraction [32] . The background systematic uncertainty accounts for the variation of the background originating from the uncertainty on the per-jet b-tagging probability. It includes not only shape change of the reconstructed variables but also background normalization. The trigger efficiency is estimated using a combination of MC and data [33] . We evaluate the uncertainty propagated from the corrections of the trigger efficiency in the signal MC samples. We also estimate an uncertainty due to the effect of multiple hadron interactions, including its dependence on the instantaneous luminosity profile of the data. The color reconnection (CR) systematic uncertainty [34] is evaluated using MC samples generated with and without CR effects adopting different configurations of pythia [35] . Table II summarizes all systematic uncertainties, which summed in quadrature, total to 0.87 GeV/c 2 . By applying a likelihood fit to the data using the three variables described above and the corrections obtained from the simulated experiments, the top-quark mass is measured to be Figures 1 and 2 show the observed distributions of the variables used for the M top measurement overlaid with density estimates using tt signal events with M top = 173.5 GeV/c 2 and the background model. Graphs are presented for events with four jets, and five or six jets, respectively.
In conclusion, we perform a measurement of the topquark mass in events with jets and large E T in data corre- sponding to an integrated luminosity of 8.7 fb −1 collected by the CDF experiment. The data sample is chosen in such a way as to be statistically independent from samples used in other CDF top-quark mass measurements, apart from the earlier version of this work [8] . The result, M top = 173.93 ± 1.85 GeV/c 2 , is a considerable improvement on the previous measurement with the same event signature, and is in agreement with the recent published Tevatron average of M top = 173.18 ± 0.94 GeV/c 2 [5] . This result is included in the most recent preliminary Tevatron average with approximately 12% weight while a measurement using the standard lepton+jets channel with same data set contributes approximately 62% weight [36] . The present result is the most precise topquark mass measurement to date in this event topology. 
